INTRODUCTION
============

*Aspergillus flavus* is an important cause of invasive aspergillosis ([@b14]) and has emerged as predominant pathogens in patients' sinusitis and fungal keratitis ([@b12]). Various specific antifungal agents have used in many trials to cure fungal keratitis with varying degrees of success. However, these antifungals are expensive and not usually available in developing countries ([@b8]). *A. flavus* produces a group of structurally related difuranocoumarin derivatives known as aflatoxins. Aflatoxin B1 is the most extremely toxic, mutagenic and carcinogenic type ([@b6], [@b25]). Inactivation of aflatoxins by physical (treatment with heat, UV light or ionizing radiation) or chemical methods (addition of chlorinating, oxidizing or hydrolytic agents) bears many drawbacks ([@b20]).

Garlic has been used in folk medicine due to its natural antimicrobial activity in various trials ([@b4], [@b7], [@b24], [@b27]). Garlic is often combined with herb mullein in oil products designed to reduce pain of middle ear infection ([@b26]). Arabic herbalists used garlic to treat abdominal pain, infantile colic, diarrhea, diabetes, eye infections, snake bites, dandruff and tuberculosis ([@b1]). Its broad spectrum of activity has been attributed to phytotherapeutic sulfur compounds including allicin and thiosulfinates, which are formed by crushing-induced metabolic action of enzyme alliin layase / alliinase on the odorless amino acid alliin ([@b5]). In a previous study, 17 active components of Egyptian garlic were identified and responsible for antifungal activity ([@b10]). This study evaluates *in vitro* antifungal potential of AGE against two clinical strains of *A. flavus*. The particular possibility to use AGE *in vivo* as effective topical antifungal agent against *A. flavus* keratitis has not been previously reported. Microscopic examination was used to study the cyto-morphological aberrations induced by AGE. Efficacy of AGE in inhibition of aflatoxin B1 production was also investigated in this article.

MATERIALS AND METHODS
=====================

Garlic bulbs and aqueous garlic extract (AGE) preparation
---------------------------------------------------------

Fresh garlic (*Allium sativum* L.) bulbs were purchased from local markets in Zagazig town, Egypt. The cloves were peeled and washed several times. A known weight (255 g) was blended in 900 ml of distilled water, and homogenized in a domestic juicer (Braun Combimax 700 Vital, Germany) for 3 min at average speed to extract the juice which was then centrifuged at 3000 rpm for 10 min. The precipitated material was weighed and supernatant was filtered through Whatman no.1 filter paper and resulting filtrate was filter sterilized by passing through a 0.45 μm cellulose nitrate membrane filter to give crude aqueous extract of 71 mg of garlic/ml. AGE was used immediately or stored at 4 ºC until used.

Fungal strains
--------------

*A. flavus* OC1 and *A. flavus* OC10, clinical aflatoxigenic strains have been isolated from human cases diagnosed to have resistant corneal ulcer and corneal abscess, respectively. Isolates were identified to the species level based on macroscopic and microscopic morphology on Czapek's agar according to Moubasher ([@b17]).

Bioassays
---------

***In vitro*** **tests:** Agar well diffusion method ([@b10]) was used for determination of antifungal activity of AGE. In brief, 25 ml of Czapek's agar was inoculated separately in a Petri-dish with 0.2 ml of *A. flavus* OC1 and OC10 conidial spore suspension (10^6^ spores/ ml) from 168 h old cultures. Wells (10 mm, diameter) were aseptically bored into culture medium and 70 μl of AGE was added to each well. Effectiveness of AGE was tested at different concentrations ([Table 1](#table1){ref-type="table"}). The plates, after staying at 4 ºC for 6 h were incubated for 5 days at 30 ºC. Well containing lowest concentration that still showed inhibition zone around, it was seemed to be MIC. Meanwhile, minimum fungicidal concentration (MFC) was determined by cutting discs from inhibition zones with cork borer and re-inoculating on to a fresh Czapek's agar and highest dilution where there were no survivors was recorded as MFC. Antifungal antibiotics discs (Hi-media Laboratories Ltd.) including nystatin, ketoconazole, clotrimazole and itraconazole were aseptically placed over inoculated agar plates seeded with 0.2 ml spores suspension (10^6^ spores/ ml) as positive reference standards. Incubation conditions were running as mentioned in bioassay of AGE.

***In vivo*** **tests:** Twelve rabbits with healthy eyes were assigned into two groups. Eyes of the first group (control) were topically treated once daily with 1 ml sterile distilled water while, eyes of the second group (test) were topically treated with 1ml *A. flavus* OC1 conidial spore suspension containing 2X10^6^ spores and examined daily for appearance of fungal infection and as soon as infection becomes apparent, treatment was carried out by topical application of 1ml of AGE. This amount of solution of 3.60 mg/ml concentration with pH= 5.5 was revealed to be the MIC. Application was carried out once daily. Rabbit's cornea was followed up at different stages till complete healing of mycotic infection that was confirmed by clinical examination and negative laboratory cultures for all treated corneal infection.

Fungal cyto-morphological study
-------------------------------

For evaluating cyto-morphological alterations induced by AGE in *A. flavus* OC1, a mycelium sample was taken from 10 days old culture grown in Czapek's broth containing AGE (2.88 mg/ml) and examined microscopically.

**Light microscope (LM):** Samples were fixed in lactophenol-cotton blue stain. Morphological changes were examined and photographed using a computerized LM (Motic images 2000, Micro- Optic. Industrial Group Co - Ltd, Japan).

**Transmission electron microscope (TEM) preparations:** Samples for TEM were immersed in a primary fixative of 2.5 % glutaraldehyde for 3 h, buffered to pH 7.4 with 0.2 M phosphate buffer for 30 min and post fixed in 1 % osmium tetraoxide for 2 h, buffered again with phosphate buffer for 30 min. All steps of fixation were carried out at 4ºC. Samples were then dehydrated in ethanol graded series (50 to 100 %), passed in 3 changes acetone: ethanol (1: 2, 1: 1 and 2: 0) for 10 min each at room temperature and embedded in resin capsule. Capsules containing samples were sectioned with a diamond knife (Ultramicrotome RMC, USA) into ultrathin sections about 70 nm that were carried out on copper grids and contrasted with uranium acetate and lead citrate before examination in JEOL-1200 EX microscope.

Effect of AGE on mycelial growth and aflatoxin B1 formation of *A. flavus* OC1
------------------------------------------------------------------------------

**Growth conditions and treatment of** ***A. flavus*** **OC1 with different concentrations of AGE:** This was carried out, as follows: a)- Contact method: Czapek's broth (pH= 5.5) was prepared and sterilized in conical flasks of 250 ml capacity, each containing 50 ml medium. Different concentrations of AGE were added separately to broth to give the following concentrations; 0.0, 0.18, 0.36, 0.72, 1.44, 2.16 and 2.88 mg/ml. To each flask, 0.2 ml of *A. flavus* conidial spore suspension (10^6^ spores/ ml) from 168 h old culture was inoculated aseptically and incubated at 30 ºC for 10 days. Cultures were observed visually at the end of incubation period. b) - Fumigation method: Details of this method were running as contact method except mode of application of AGE where, desired concentration was aseptically absorbed on a circular cotton piece on top of flasks.

**Determination of mycelial dry weights:** At the end of incubation period, fungal cultures were filtered through pre-weighted Whatman no.1 filter papers, oven dried at 80 ºC to a constant weight.

**Extraction and determination of Aflatoxin B1 from** ***A. flavus*** **OC1 cultures:** A known volume of culture filtrate was transferred to a separating funnel, extracted with equal volume of chloroform, shaked for about 30 min, and allowed to stand for 30 min. The chlororform layer was filtered over anhydrous sodium sulfate then evaporated under vacuum till dryness. The resultant dried crude extract was dissolved in methanol and undergone the necessary chromatographic analysis using pre coated thin layer chromatographic (TLC) plates with silica gel GF-254. The concentrated extracts and authentic aflatoxin B1 (Sigma CO.) were loaded on the chromatograms and developed in toluene: ethyl acetate: formic acid (6: 3: 1, v: v: v). Aflatoxin B1 bands (R~f~ = 0.47) give blue influorescence under short- and long-wave length (254 and 366 nm) ultraviolet light using Min UVIS, DUOUV source for TLC. The fluorescent bands were eluted from the silica gel and rechromatographed with the same conditions for further purification. Fluorescent bands corresponding to the authentic aflatoxin B1 were again scrapped off and eluted with methanol. Aflatoxin B1 was then quantified by ultraviolet spectroscopic analyses performed with a Deuterium UV 21-D Milton Roy spectrophotometer. Aflatoxin B1 absorption was monitored at 363 nm and concentration was obtained after recording optical density against a standard curve ([@b11]).

Statistical analyses
--------------------

All experiments were conducted in triplicates. Antifungal activity data from diffusion experiments were evaluated using analysis of variance (ANOVA) test followed by least significant difference (LSD) test. Data of the effect of AGE on the dry cell weights and aflatoxin B1 formation were analyzed by Student's *t*-test.

RESULTS AND DISCUSSION
======================

Sensitivity of *A. flavus* strains to different concentrations of AGE compared to sensitivity to antibiotics
------------------------------------------------------------------------------------------------------------

AGE showed a great potential for antifungal activity against *A. flavus* OC1 and OC10 ([Table 1](#table1){ref-type="table"}). Growth inhibition zones diameters of the first and the latter strain were 29.0 mm and 35.3 mm, respectively, upon applying of AGE at 36.0 mg/ml. AGE exhibited the same MIC and MFC value of 3.60 mg/ml against the two strains. This value is within the range of values recorded for antifungal activity of garlic extract against fungal radial colony growth ([@b22]) but is relatively lower than value obtained by Pundir *et al*. ([@b21]). Significant difference (P \<0.05) was obtained in values of inhibition zone diameters of the two strains by antibiotics tested ([Table 2](#table2){ref-type="table"}). *A. flavus* OC10 was highly sensitive to higher concentrations of AGE (28.8 and 36.0 mg/ml), sometimes even more sensitive than antifungal antibiotics. Regarding to *A. flavus* OC1, similar inhibitory effects were produced upon applying 36.0 mg/ml of AGE and tested antibiotics. Antimicrobial potency of garlic has been attributed to different concentrations of active biosubstances coupled with sulfhydryl agents ([@b18]). Meanwhile, allicin and other disulfides have found at different concentrations determined by age and method of extract preparation ([@b5]).

###### 

Sensitivity of A. flavus OC1 and A. flavus OC10 to different concentrations of AGE

  Concentration of AGE (mg/ml)   Zone of inhibition (mm)                   
  ------------------------------ ----------------------------------------- ----------------------------------------
  2.88                           \-                                        \-
  3.60                           20.0[^d^](#tf1-1){ref-type="table-fn"}    20.3[^e^](#tf1-1){ref-type="table-fn"}
  7.20                           21.3[^cd^](#tf1-1){ref-type="table-fn"}   23.0[^d^](#tf1-1){ref-type="table-fn"}
  14.4                           23.7[^c^](#tf1-1){ref-type="table-fn"}    24.3[^d^](#tf1-1){ref-type="table-fn"}
  21.6                           26.0 [^b^](#tf1-1){ref-type="table-fn"}   29.7[^c^](#tf1-1){ref-type="table-fn"}
  28.8                           27.0[^b^](#tf1-1){ref-type="table-fn"}    33.3[^b^](#tf1-1){ref-type="table-fn"}
  36.0                           29.0[^a^](#tf1-1){ref-type="table-fn"}    35.3[^a^](#tf1-1){ref-type="table-fn"}

Means with different superscripts in the same column are considered statistically different (LSD test, P \< 0.05).

###### 

Sensitivity of A. flavus OC1 and A. flavus OC10 to known antifungal antibiotics

  Antibiotics             Zone of inhibition (mm)                   
  ----------------------- ----------------------------------------- ----------------------------------------
  Nystatin (100 U)        29.0[^a^](#tf2-1){ref-type="table-fn"}    32.0[^a^](#tf2-1){ref-type="table-fn"}
  Ketoconazole (10 mcg)   29.6[^a^](#tf2-1){ref-type="table-fn"}    29.6[^b^](#tf2-1){ref-type="table-fn"}
  Clotrimazole (10 mcg)   26.6 [^b^](#tf2-1){ref-type="table-fn"}   27.0[^c^](#tf2-1){ref-type="table-fn"}
  Itraconazole (10 mcg)   17.6 [^c^](#tf2-1){ref-type="table-fn"}   21.6[^d^](#tf2-1){ref-type="table-fn"}

Means with different superscripts in the same column are considered statistically different (LSD test, P \< 0.05).

Treatment of rabbit's fungal keratitis caused by *A. flavus* OC1
----------------------------------------------------------------

Infection of rabbits' eyes with *A. flavus* conidial spore suspension showed that early fungal keratitis begins with inflammation or redness of eyelid (conjunctiva) ([Fig. 1a](#fig1){ref-type="fig"}) after 5--8 days of infection. Inflammation extends to portion of eye ball that comes into contact with conjunctiva after 12 days ([Fig. 1b](#fig1){ref-type="fig"} & c). After 15 days, it may appear as indolent and dry, with a leathery, tough, raised surface ([Figure 1d](#fig1){ref-type="fig"}). Some feathery borders may be noted at this stage of infection ([Fig. 1e](#fig1){ref-type="fig"}). After 16 days, the eye inside is not visible ([Fig. 1f](#fig1){ref-type="fig"}). These clinical symptoms are consistent with reported studies ([@b2], [@b3]).

![*In vivo* infection stages of rabbit's cornea with *A. flavus* OC1 conidial spore suspension showing fungal keratitis. (a): After 7-days of infection; (b), (c): After 12-days of infection; (d), (e): After 15-days of infection and (f): After 16-days of infection.](bjm-43-1355-g001){#fig1}

*In vivo* application of AGE showed that low concentration (MIC =3.60 mg/ml) has succeeded to cure severe *A. flavus* keratitis in a time course less than 10 days without any observable side effects; there was no tear secretion, no hypersensitivity reactions, or no any inflammation. [Fig. 2a](#fig2){ref-type="fig"} shows a gradual decrease in inflammation and redness of conjunctiva and portion of eye ball within a period of 5- 8 days. [Fig. 2b](#fig2){ref-type="fig"}, c show a complete healing rate of mycotic keratitis within a period of 8--10 days. Treatment of fungal keratitis may pose difficult problem because most topical antifungal medications are expensive and not usually available in developing countries. Polyenes, azoles and pyrimidines are approved for keratomycosis ([@b8]). Antiseptics such as chlorohexidine (0.2%) and povidone iodine (5%) have also been advocates as alternatives but are not as effective ([@b19]). Garlic was used in topical treatment of the fungal infection by tinea pedis, tinea cruris and tinea corporis ([@b15], [@b16]).

![*In vivo* healing of *A. flavus* OC1 keratitis of rabbit's cornea by topical treatment with diluted preparation of AGE (3.60 mg/ml). (a): A healing stage after 6-days; (b): A healing stage after 9-days; (c): A healing stage after 10-days.](bjm-43-1355-g002){#fig2}

LM examination
--------------

LM examination of *A. flavus* OC1 control culture showed a regular cell structure of mycelium with homogenous cytoplasm, clearly visible strigmata bearing conidia and profuse conidiation on a large and radiated conidial head ([Fig. 3a](#fig3){ref-type="fig"}). Examination of AGE-treated *A. flavus* growth revealed morphological changes including decreased conidiation (lack of sporulation), visible loss of cytoplasm content, loss of pigmentation and reduction in conidial heads, with distorted presence of conidiophores ([Fig. 3b](#fig3){ref-type="fig"}). Moreover, hyphae appeared thinner than those of controls. A reported study ([@b4]) showed that AGE causes collapse of hyphae of *Rhizoctonia solani* and *Colletotrichum lindemuthianum* and for *Fusarium solani* hyphae appeared thinner than in controls. Garlic extract was found to reduce germination of conidiophores and oospores of *Hyaloperonospora parasitica* ([@b5]).

###### 

Light micrographs (X 400) of *A. flavus* OC1 control (without AGE treatment) and sample (treated with 2.88 mg/ml of AGE). (a): Control conidial head of *A. flavus,* large and radiated, development of vesicle on conidiophore and conidia are clearly visible; (b): Sample of conidial head of *A. flavus* showing morphological aberrations induced by AGE. A decrease in conidiation is clearly visible.

![](bjm-43-1355-g003)

![](bjm-43-1355-g004)

TEM examination
---------------

TEM examinations of control cells of *A. flavus* OC1 showed that cell wall and plasma membrane were smooth and uniform and thoroughly surrounded by intact fibrillar layer and all organelles are suspended in highly dense cytoplasm have normal appearance ([Fig. 4a](#fig4){ref-type="fig"}). TEM images of AGE-treated fungal cells of the same age ([Fig. 4b](#fig4){ref-type="fig"}, c) showed singular accumulation of osmophil bodies immediately under plasma membrane which became rough and irregular with continuous folding in cytoplasm and detachment of fibrillar layer was also observed. Disappearance of surface ornaments due to presence of massive vacuolation of cytoplasm and spaces filled with amorphous material. Hyphal tips treated with AGE, besides the increase in spaces filled with amorphous material, showed a strong thickening of cytoplasmic membrane that was partially detached from cell wall ([Fig. 4](#fig4){ref-type="fig"} e), whereas the control revealed highly dense cytoplasm and was enveloped with tightly attached cell wall and cytoplasmic membrane ([Fig. 4](#fig4){ref-type="fig"} d). Some hyphal tips were found disintegrated ([Fig. 4](#fig4){ref-type="fig"} f). These modifications series are similar to those observed in other fungal species during treatments with garlic extracts ([@b4], [@b13], [@b27]).

![TEM of 10-days old *A. flavus* OC1 control (without AGE treatment) and sample (treated with 2.88 mg/ml of AGE). (a): Control cell; (b), (c): Sample cells, the white arrows show accumulation of osmophil material, the black arrows show detachment of septum of plasma membrane; (d): Control tip of hypha, (e): Sample tip of hypha, the white arrow shows detachment of plasma membrane from cell wall; (f): Sample tip of collapsed hypha. FL, fibrillar layer; CW, cell wall; PM, plasma membrane; SP, spaces filled with amorphous material and V, vacuole.](bjm-43-1355-g005){#fig4}

Effect of different concentrations of AGE via contact and vapor phase on mycelial and sporulative growth and aflatoxin B1 formation of *A. flavus* OC1
------------------------------------------------------------------------------------------------------------------------------------------------------

Using contact method, aflatoxin B1 production was completely inhibited at 0.72 mg/ml. However, a significant drastic reduction in aflatoxin B1 production from 299.7 ppb at 0.18 mg/ml of AGE to 144.6 ppb at 2.88 mg/ml was obtained by fumigation method ([Table 3](#table3){ref-type="table"}). Garlic was reported to have antifungal properties and inhibit formation of aflatoxins ([@b9]) and penicillic acid ([@b10]). At 2.88 mg/ml, growth was significantly reduced by 75.5% via contact method and 36.4% via fumigation method, compared with growth at respective control cultures. Meanwhile, growth was slightly stimulated by 3.80 % when broth was supplemented with AGE at the lower concentration, 0.18 mg/ml (via contact method). However, it was reduced by 4.35 % when medium was fumigated with AGE at the same concentration (via vapor method) compared with control culture. This was consistent with reported findings (9,10), where apparent stimulation of mycelial weights production at lower garlic concentrations was due to presence of small amounts of nutrients such as minerals and vitamins in the added garlic. However, remarkable reduction in growth at 0.36 mg/ml may be due to presence of higher concentration of allicin and sulfides in the extract which were sufficient to inhibit or reduce mycelial growth. Inhibition of *Micrococcus luteus* in seeded agar via vapor phase of garlic extract was reported ([@b5]). Regarding to effect of AGE on spore production ([Table 3](#table3){ref-type="table"}), contact phase was more effective in inhibiting sporulation than vapor phase. Via vapor phase of all concentrations, sporulation was intense as well as control. Via contact phase, sporulation was intense at lower concentrations (0.18 and 0.36 mg/ml), became slight to very slight at concentrations (0.72 to 2.16 mg/ml) and completely inhibited at higher concentration (2.88 mg/ml). Similarly, garlic was found to inhibit sporulation of *A. parasiticus* ([@b9]) and *P. hirsutum* ([@b10]). Via contact phase, reduction of sporulation was correlated with reduction in aflatoxin B1 production. This was consistent with findings of Reib ([@b23]).

###### 

Dry cell weights and production of spores and aflatoxin B1 of A. flavus OC1 in Czapek's medium supplemented with different concentrations of AGE via the contact and vapor phase, after 10 days of incubation

  Concentratio ns of AGE (mg/ml)   Contact phase                            Vapor phase                                                                                                                                                        
  -------------------------------- ---------------------------------------- -------------------------------------------------------------------------- ----- ---------------------------------------- ---------------------------------------- -----
  Control (0)                      0.253                                    355.7                                                                      +++   0.253                                    355.7                                    +++
  0.18                             0.263                                    272.2[\*](#tf3-3){ref-type="table-fn"}                                     +++   0.242                                    299.7[\*](#tf3-3){ref-type="table-fn"}   +++
  0.36                             0.223[\*](#tf3-3){ref-type="table-fn"}   118.3[^b^](#tf3-2){ref-type="table-fn"}[\*](#tf3-3){ref-type="table-fn"}   +++   0.235[\*](#tf3-3){ref-type="table-fn"}   278.7[\*](#tf3-3){ref-type="table-fn"}   +++
  0.72                             0.201[\*](#tf3-3){ref-type="table-fn"}   **-**                                                                      ++    0.221[\*](#tf3-3){ref-type="table-fn"}   257.5[\*](#tf3-3){ref-type="table-fn"}   +++
  1.44                             0.152[\*](#tf3-3){ref-type="table-fn"}   \-                                                                         ++    0.198[\*](#tf3-3){ref-type="table-fn"}   228.7[\*](#tf3-3){ref-type="table-fn"}   +++
  2.16                             0.114[\*](#tf3-3){ref-type="table-fn"}   \-                                                                         \+    0.187[\*](#tf3-3){ref-type="table-fn"}   184.0[\*](#tf3-3){ref-type="table-fn"}   +++
  2.88                             0.062[\*](#tf3-3){ref-type="table-fn"}   \-                                                                         \-    0.161[\*](#tf3-3){ref-type="table-fn"}   144.6[\*](#tf3-3){ref-type="table-fn"}   +++

+++ = intense, ++ = slight, + = very slight.

Other replicates showed no aflatoxin B1 production

Significantly different from control (P \<0.01, Student's *t*-test)

CONCLUSION
==========

AGE may offer a natural source of antifungal agent against *A. flavus*. Its medicinal value is comparable to the present day antibiotics. AGE has succeeded topically to cure the severe *A. flavus* keratitis of rabbits in a time course less than 10 days without any observable effects. It induced deleterious cyto-morphological alterations of *A. flavus*. AGE in contact phase was more effective in inhibiting growth, spores and aflatoxin B1 production of *A. flavus* than in vapor phase. Therefore, AGE appears to have clinical and public health importance. A histopathological study will be carried out to approve safety of AGE to be applied topically on eyes.
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